Background/Aims: Hypertension plays a critical role in the cardiac inflammation and injury. However, the mechanism of how hypertension causes the cardiac injury at a molecular level remains to be elucidated. Methods: RNA-Seq has been demonstrated to be an effective approach for transcriptome analysis, which is essential to reveal the molecular constituents of cells and tissues. In this study, we investigated the global molecular events associated with the mechanism of hypertension induced cardiac injury using RNA-Seq analysis. Results: Our results showed that totally 1,801 genes with different expression variations were identified after Ang II infusion at 1, 3 and 7 days. Go analysis showed that the top 5 high enrichment Go terms were response to stress, response to wounding, cellular component organization, cell activation and defense response. KEGG pathway analysis revealed the top 5 significantly overrepresented pathways were associated with ECM-receptor interaction, focal adhesion, protein digestion and absorption, phagosome and asthma. Moreover, protein-protein interaction network analysis indicated that ubiquitin C may play a key role in the processes of hypertension-induced cardiac injury. Conclusion: Our study provides a comprehensive understanding of the transcriptome events in hypertension-induced cardiac pathology.
Introduction
Hypertension induces damage to heart, kidney, brain, and eye [1, 2] . As a central effector of hypertension, dysregulated angiotensin II (Ang II) triggers a set of inflammatory responses [3, 4] and cardiomyocyte hypertrophy [5, 6] leading to organ damage. We and others have RNA extraction, whole-transcriptome sequencing Total RNA was extracted with TRizol (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol, followed by DNase I treatment to eliminate DNA contamination. Equal quantities of RNA from 5 samples in one group were mixed. The mRNA was enriched and fragmented into short fragments (approximately 200 bp). The double-stranded cDNA was synthesized and purified before sequencing adaptors were ligated to the fragments. For quality control, an Agilent 2100 Bioanalyzer and ABI StepOnePlus Real-Time PCR System were used to qualify and quantify the sample library. The library products were finally sequenced via Illumina HiSeq TM 2000. No less than 11M total reads were obtained from each sample.
Validation of RNA-Seq data by qPCR analysis
Equal amounts of RNA (2 μg) were added to reverse transcriptase reaction mix with oligo-dT primers (Promega, Southampton, UK). SYBR Premix Ex Taq (TaKaRa, Shiga, Japan) was used to perform quantitative real-time PCRs with IQ5 Multicolor Real-time PCR Detection System (Bio-Rad, Hercules, CA). The following primers were used: Igfbp5 (5'-CTC ATG ATT CCA AAC GTG TGTTG-3' forward; 5'-TGG GCT ATG CAC TTG ATGCA-3' reverse), Slc38a3 (5'-CCA TTA CGC TTC AGA ACA TTGG-3' forward; 5'-GAG GCA ATT CAG ACT TGA TGA TGTA-3' reverse), Rnf207 (5'-CGA GGA CAC ACC CTT CAC AGA-3' forward; 5'-GCA GAC CCC GAT AGG AATCC-3' reverse), Vim (5'-GAG AGA GGA AGC CGA AAGCA-3' forward; 5'-GCC AGA GAA GCA TTG TCA ACATC-3' reverse), GAPDH (5'-CAT GGC CTT CCG TGT TCCTA-3' forward; 5'-GCG GCA CGT CAG ATCCA-3' reverse).
Analysis of RNA-Seq data
As there are some adaptor sequences and/or low quality reads present in the raw reads, data filtering is carried out to obtain high quality reads as the clean reads (clean data). Clean reads were mapped to reference sequences and/or reference gene set using SOAP aligner/SOAP2 [1] [23] . No more than 2 mismatches were allowed in the alignment. Then, a comprehensive bioinformatics analysis was used to enrich the dataset for genes that were most likely to be associated with the development of Ang II-induced acute cardiac injury, including clustering analysis, Gene ontology (GO) analysis, pathway analysis, and dynamic gene network analysis.
Statistical analysis
Data were expressed as the means ± standard error of the mean (SEM). Differences between groups were tested for statistical significance using Student's t-tests or one-way analysis of variance (ANOVA) followed by Newman-Keuls multiple comparison tests using Graph Pad Prism 5.0. P < 0.05 denoted the statistically significant difference.
Results

Ang II stimulated cardiac inflammation and fibrosis in mice
Hypertensive mouse model was successfully built by Ang II infusion. The blood pressure was markedly increased in a time-dependent manner (at days 1, 3 and 7) (Fig.  1A) . Inflammatory cell infiltration into the heart was examined by flow cytometry. As shown in Fig. 1B (Fig. 1C) .
Identification of differentially expressed genes (DEGs)
To investigate the DEGs in hypertension-induced cardiac injury at early stage, heart tissues were taken from the mice at days 1, 3, and 7 after Ang II infusion. Then a time series RNA-Seq were performed. We obtained more than 11 million total sequence reads per sample. As shown in Fig. 2A , after filtering adaptor sequence and low quality reads, the presents of clean reads in raw reads were all more than 98.5% in four samples. To judge the significance of gene expression difference, we use "FDR ≤ 0.001 and the absolute value of log2Ratio ≥1" as the threshold [24] . When compared with genes in the saline-treated group (Sham), 195 genes significantly increased and 308 genes decreased in the 1 d group; 1023 genes markedly increased and 558 genes decreased in the 3 d group, and 397 genes increased and 40 genes decreased in the 7 d group (Fig. 2B) . Moreover, we found that total 1,801 genes were shown to be significantly expressed in Ang II-infused mice at least at one time point when compared to Sham. About 58 genes were shown to be significantly expressed in Ang II-infused mice at all three time points when compared to Sham (FDR ≤ 0.001 and Log2 ≥ 1).
Gene Ontology (GO) Analysis
To examine the characteristics of differentially expressed genes, functional classification of up-and down-regulated genes was performed using the gene ontology (GO) tool. In Fig.  3 , we showed the most statistically significantly overrepresented Go terms of biological process. The top 5 high enrichment Go terms were respectively response to endogenous stimulus, response to hormone stimulus, response to stress, response to wounding and response to chemical stimulus at day 1 after Ang II infusion; response to stress, response to wounding, cellular component organization, cell activation and defense response at day 3; immune system process, extracellular structure organization, anatomical structure development, extracellular matrix organization and response to wounding at day 7. The results indicated that these GO terms played critical roles in the pathobiology of Ang IIinduced early cardiac injury and fibrosis.
KEGG pathway enrichment analysis of DEGs
To further understand genes biological functions, we performed the KEGG pathway enrichment analysis [25] . The top 5 significantly overrepresented pathways were respectively associated with rheumatoid arthritis, ribosome, cytokine-cytokine receptor interaction, Red means up regulation and blue means down regulation. After cluster analysis, a total 1801 genes were classified into 16 profiles based on expression patterns, and each cluster has similar expression patterns after Ang II infusion. Among these profiles, we identified top 4 profiles of gene expression that contained a total of 1262 genes (Fig. 5C) . Thus, these significant profiles were considered to be the potential main expression profiles in our experiment. To confirm the results from RNA-Seq, qPCR was performed. As shown in Fig.  5D , the relative expression levels of 4 differentially expressed genes from the top 4 profiles, including Igfbp5, Slc38a3, Rnf207, Vim, were good consistent between the two experiments.
Protein-protein interaction network analysis
Different proteins often form protein complex through complicated interactions to perform their biological functions. To further determine which protein or proteins may play key roles in the early stage of acute cardiac injury induced by Ang II infusion, we performed protein-protein interaction network analysis integrating several famous interaction network databases such as BIND, BioGrid and HPRD [28] . The 1,801 genes differentially expressed in heats were analyzed and the correlations between genes were shown in Fig. 6 . In the networks, cycle nodes represent genes, and edges between two nodes represent interactions between genes. The results showed ISG15 ubiquitin-like modifier (Isg15) connected with 45 genes, cyclin-dependent kinase 1 (Cdk1) connected with 44 genes at day 1 after Ang II infusion; ubiquitin C connected with 118 genes, ring finger protein 2 (Rnf2) connected with 90 genes at day 3 after Ang II infusion; runt related transcription factor 1(Runx1) connected with 40 genes; v-crk avian sarcoma virus CT10 oncogene homolog (Crk) connected with 23 genes at day 7 after Ang II infusion. Among these genes, ubiquitin C connected with genes mostly, which indicated it may play a vital role in the process of Ang II-induced cardiac inflammation and fibrosis. wounding, cellular component organization, cell activation, defense response and pathways associated with ECM-receptor interaction, focal adhesion, protein digestion and absorption, phagosome and asthma, played critical roles in the pathobiology of hypertension-induced early cardiac injury. Besides, the gene network analysis demonstrated that ubiquitin C may play a key role in regulating the processes of hypertension-induced cardiac injury.
Our study showed that neutrophil, macrophage and other leukocyte infiltrations were significantly increased after Ang II infusion (Fig. 1) . Moreover, the number of neutrophil infiltrates peaked at day 1 after infusion, and then decreased, while macrophage infiltrated mostly at day 7 after infusion. This phenomenon could be explained as following. As a major blood leukocyte population, neutrophil functions as first responder at sites of infection or injury [29, 30] . Neutrophils have a rapid rate of turnover. After being recruited to the site of injury, they exert their function for 1 -2 days before undergoing apoptosis [31] . Subsequently, these apoptotic cells and debris were recognized and phagocytized by phagocytic cells such as macrophages [31] . Besides, macrophages directly secreted the cytokines and growth factors activating fibroblasts and other cells. Activation of fibroblasts to myofibroblasts, which can express α-smooth muscle actin (α-SMA) and produce ECM components, is a key event in connective tissue remodeling [32, 33] . Consistent with this, the Go analysis showed that the high enrichment GO terms were mainly response to stress, immune system process, leucocyte migration at day 1, while the terms were mainly cellular component organization, extracellular structure organization and extracellular matrix organization at day 7 after Ang II infusion.
The transcriptome is the complete set of gene expressions in a cell for a specific developmental stage or physiological condition. The ability to analyze the transcriptome is essential for interpreting the functional elements of the genome, revealing the molecular constituents of cells and tissues, and also for understanding development and disease [12] . Various technologies have been developed to deduce and quantify the transcriptome, including microarrays or RNA-Seq [34] . To date, several studies comparing microarrays and RNA-Seq have been performed [11, 35, 36] . The comparison data derived from microarrays and RNA-Seq using the same set of samples showed a correlation between gene expression profiles generated by the two platforms. However, it also demonstrated that RNA-Seq was superior to microarrays. Marioni, et al. found that RNA-Seq data on the Illumina platform was highly reproducible, with relatively little technical variation [35] . Fu et al. found RNASeq provided better estimates of absolute transcript levels. They also showed the accuracy and precision of RNA-Seq in quantifying the gene expression levels [36] . In the study of Dang, the author used microarrays analyzing the gene expression profiles in the heart after Ang II infusion [37] . The microarray results identified 1,489 differentially expressed genes, while our results showed 1,801 genes were differentially expressed after Ang II infusion at 1, 3 and 7 days. The Go and KEGG pathway analysis of our studies all demonstrated immune response, extracellular matrix organization, cytokine-cytokine receptor interaction, ECM-receptor interaction et al. participate in the development of cardiac injury. By using clustering and gene co-expression network analysis, Dang found that Serpine1 (also known as plasminogen activator inhibitor type 1, PAI-1) was localized in core of the gene network and may play a central role in the progression of Ang II-induced cardiac remodeling. We found ubiquitin C may be the important gene in this pathology by using protein-protein interaction network analysis integrating several famous interaction network databases such as BIND, BioGrid and HPRD [28] .
The protein-protein network analysis in Fig. 6 showed ubiquitin C connected with 118 genes, and may be the important gene in regulating the progression of hypertensioninduced cardiac remodeling. Ubiquitin C represents an ubiquitin gene. The encoded protein is a poly ubiquitin precursor. Conjugation of ubiquitin monomers or polymers can lead to various effects within a cell, depending on the residues to which ubiquitin is conjugated [38] . Phosphorylation, post-translational modification of proteins with ubiquitin can result in the regulation of numerous cellular functions, such as the DNA damage response, apoptosis, cell growth, and the innate immune response. Recently, studies have described how ubiquitination in the heart regulates key signaling transduction pathways important in common cardiac diseases, including cardiac hypertrophy, heart failure, ischemia reperfusion injury, and diabetes [39] . For example, it is reported that the ubiquitin ligase could regulate protein levels of p53 by ubiquitinating p53 [40, 41] . Elevated levels of cardiac p53 are associated with a number of cardiovascular conditions including heart failure; cardiac hypertrophy induced by pressure overload and dilated cardiomyopathy (DCM) [42] [43] [44] . In the case of DCM, a role for ubiquitin-mediated regulation of p53 has also been found [44] . The KEGG pathway analysis in our study showed the development of cardiac pathology could also be mediated by p53 pathway (Fig. 4) . There is growing evidence that ubiquitination plays a role in regulating MAPK signaling in general, and JNK signaling in particular [45] . In the context of cardiac disease, JNK signaling is activated in response to ischemia reperfusion (I/R) injury [46, 47] . An upregulation of cardiac FoxO and p27 expression has been reported to be associated with myocardial infarction, myocardial reperfusion injury, heart failure and myocyte hypertrophy [48] [49] [50] [51] . Like the regulation of JNK signaling, recent studies have demonstrated that the heart also contains ubiquitin ligases capable of regulating FoxO signaling [52] . Except for ubiquitin C, the network analysis showed other genes, including Isg15, Cdk1, Rnf2, Runx1and Crk interacted with more than 10 genes, which indicating they may also play a vital role in regulating the pathology of hypertensive heart injury.
In this study, we investigated the global molecular events associated with the mechanism of hypertension induced cardiac injury using RNA-Seq analysis. And our study provides a comprehensive understanding of the transcriptome events in the cardiac pathology. We found that 1,801 genes were differently expressed in the hearts at 1, 3 and 7 days after Ang II infusion. Through a protein-protein interaction network analysis, we identified ubiquitin C may be the important gene in regulating hypertension-induced cardiac injury. However, the exact role of ubiquitin C in this process remains to be investigated.
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